The limits of cellular pathology, drawn up by Virchow 100 years ago, have been pushed forward in precisely the way that he suggested, by the application of histological techniques. At that time cellular pathology was not truly cellular but histological rather than cytological. Few pathologists are sanguine enough tW foresee further extension of pathology by these same histological methods, and it is clear that if advances are to be made in our knowledge of the mechanisms of pathological processes then new methods must be invented which will " describe the organization of cellular events " and which "will be sensitive enough to detect early functional changes."
Although Virchow was content to state that permanent advances in medicine were made solely by "discoveries concerning the structure of the body," the rise of biochemistry, in particular, has -made it clear that analysis of structure without -function is relatively barren. Histochemistry is ,concerned particularly in the correlation of struc-.ture with function.
We cannot be satisfied, says J. Z. Young, with identifying the new parts of the cell even by histochemical methods, and it must be admitted that information derived from the application of methods of analytical histochemistry is in most cases of limited value. It is to the newer techniques of functional histochemistry that we must look for help, and it is these alone which can transform descriptive analytical histopathology into a new science of functional cytopathology. This thesis I shall try to develop briefly, and 1 shall illustrate it, for the sake of simplicity, solely with examples from the field of enzyme histochemistry. Before doing this, however, it may be expedient to give details of the present status of that youngest division of the relatively old science of histochemistry.
If we except the few historical methods for indophenol (cytochrome) oxidase, peroxidase, and the still current method for DOPA-oxidase, which were in existence in the early years of the century, enzyme histochemistry can be considered to date from 1939 when George Gomori first described his method for alkaline phosphatase. By 1953 histochemical methods had been evolved for the demonstration of 18 different enzymes. Most of these belonged to the hydrolytic group and the majority were either carboxylic acid esterases or phosphatases. To-day the figure stands at 45. This is admittedly not very imposing when considered against the grand total of some 700 recorded enzymes (Dixon and Webb, 1958) , but the distribution of these 45 methods among the main enzyme divisions is now much more even than it was only a few years ago. This is chiefly due to the development of methods for hydrogen transferring enzymes, particularly the dehydrogenases and diaphorases.
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selves have been criticized for lack of specificity and sensitivity and for inaccuracy in localization. Many of them clearly need improvement on this account, but until such time as better methods are developed there is much to be said for the employment of existing methods if these can be shown to provide useful information. Thus, although the degree of localization provided by the standard techniques for alkaline phosphatase is less than one would desire, Novikoff (1955) remarks that it is difficult to see how the distribution of this enzyme within organs could have been studied without a staining method. Precisely the same may be said for other enzyme systems, but the mapping of these, however attractive and important it may be to the pure histochemist, has little appeal to the pathologist who wants to know how and why different processes occur as well as where and when.
There are, nevertheless, a number of indications for the use of histochemical enzyme techniques in pathology, and a few examples may be cited to illustrate some of the facets of their use.
General Enzyme Histochemistry
In spite of the fact that a reasonable explanation for the mode of action of the enzyme is seldom forthcoming, the alkaline phosphatase method continues to be one of the most popular methods for application to pathology and to the other basic sciences. A histochemical enzyme method may be useful, even if the mechanism of action of the enzyme is not understood, since it can act as a sensitive indicator of functional changes. Histologists have long sought some indication of the activity of the adrenal cortex other than simple fat staining. Recently, Allen and Slater (1956) have shown that the level of alkaline phosphatase in the connective tissue and blood vessels of the mouse adrenal'cortex rises after stimulation of the gland with A.C.T.H. Similarly, Clayton and Hammant (1957) While a raised level of alkaline phosphatase in a barrier tissue such as a blood vessel wall usually signifies that the transmitting function of the barrier is increased, no such interpretation can be put upon changes in acid phosphatase levels. Several other types of activity, however, have been shown to be accompanied by a rise in the level of this enzyme. It has been shown to occur, for instance, in active phagocytosis (Grogg and Pearse, 1952) and in cytolysis (Green and Verney, 1956 ). A fall in the level has been found in most types of prostatic tumour (Woodard, 1952) , and this finding is common enough in respect of many enzyme systems in many different kinds of tumour for it to have almost the force of a general law. That is to say, an enzyme found in large amounts in the normal parent cell of a tumour is likely to be present in reduced amounts in its malignant offspring. The main exceptions to this rule concern the respiratory enzymes, but apparent exceptions may occur where an enzyme absent from the presumed parent cell is present in the cells of the tumour. The probable peptidase found in carcinoid tumours by Pearse and Pepler (1957) falls into this category.
On the whole, acid phosphatase is best used histochemically as an indicator either of increased mitochondrial activity or of actual mitochondrial damage, since a diffuse reaction in properly fixed tissues means that the enzyme has escaped from its normal environment. This is probably the significance of the increase shown by Pearse and Macpherson (1958) in the kidney of the potassiumdeficient rat.
Pathological applications of the standard methods for acetylcholinesterases and pseudocholinesterases have been limited in number and restricted practically to the skin and to the central nervous system. Glial cells, and particularly the fibrous astrocytes, have been reported to contain a strong pseudocholinesterase (Koelle, 1954; Cavanagh, Thompson, and Webster, 1954) Folk, 1956; Nachlas, Crawford, and Seligman, 1957) . Interest has centred on the production of the enzyme by invading tumours (Burstone, 1956 ) and on the rich source of the enzyme found in the stroma of such tumours. Sylven and Malmgren (1955) , using biochemical methods, found that the peripheral portions of invasive tumours contained higher cathepsin and dipeptidase activities than the older, central areas, and Braun-Falco (1957) has suggested that the production of aminopeptidase may be connected with invasiveness.
The activity of leucine aminopeptidase in the production of parathyroid hormone has been considered by Pearse and Tremblay (1958) , who have demonstrated a presumably direct relationship between the two. The uniform distribution of the enzyme in normal rat parathyroid gland is shown in Fig. 1 (Holt, 1952; Holt and Withers, 1952, 1958) , to show with considerable accuracy and reasonably quantitatively the position in the cell of a number of non-specific esterases, using halogen-substituted indoxyl acetates as substrates.
The evaluation of changes observed in the level and distribution of these enzymes is difficult, however, since their exact function is poorly understood. The accurate degree of localization which these methods afford, however, and the possibility of determining small intracellular changes in function, make it essential to continue with their application on a much wider scale. Now that the substrates are more easily available former objections to the indoxyl methods must vanish. (Coons, Creech, and Jones, 1941; Coons, Creech, Jones, and Berliner, 1942) .
Dehydrogenase Histochemistry Histochemical methods for the dehydrogenases are all derived from the original method of Seligman and Rutenburg (1951) , which was derived in its turn from the successful use by Rutenburg, Gofstein, and Seligman (1950) of the so-called blue tetrazolium salt for the demonstration of dehydrogenase activity in extracts and homogenates. The principle depends on the acceptance of electrons by the colourless, soluble tetrazolium salt and its reduction to a coloured, insoluble, formazan dye.
The reaction is not reversible in biological systems, and the amount of formazan deposited can be related directly to the amount of enzyme activity (Defendi and Pearson, 1955; Glick and Nayyar, 1956) . Developments which have taken place since 1951 have brought the dehydrogenase methods into the forefront of enzyme histochemistry. A series of papers by Farber and his associates (Farber, Sternberg, and Dunlap, 1956a and b; Sternberg, Farber, and Dunlap, 1956; Farber and Louviere, 1956) Tsou, Cheng, Nachlas, and Seligman (1956) and applied by Nachlas, Tsou, de Souza, Cheng, and Seligman (1957) An entirely different principle is involved in the second method in which the formazan reduction product of a thiazol-substituted monotetrazolium salt (Beyer and Pyl, 1954 ) is captured in situ by chelation with a metal ion.
The usual metals are cobalt, nickel, and copper, in that order of preference. Both of the new methods are capable of localizing enzyme activity at the mitochondrial level (Figs. 2 and 3) . In both cases the deposits of diformazan or cobaltmonoformazan are present in the mitochondria in the form of dots, measuring 0.25 to 0.35 / in diameter (Pearse and Scarpelli, 1958) . These are much more easily seen with the cobalt-formazan technique. An average mitochondrion 3 ,u long may contain four formazan dots; the greatest number recorded in a single mitochondrion is six.
The view that tetrazolium methods can demonstrate only the two diaphorases and not the specific dehydrogenases with which they are linked has been shown to be erroneous by Nachlas, Walker, and Seligman (1958) and also by Hess, Scarpelli, and Pearse (1958 (Scarpelli, Hess, and Pearse, 1958) . Virchow, whose colostrum corpuscle was a "coherent globule" resulting from the fatty degeneration of an epithelial cell, would perhaps have enjoyed the macrophage from the breast of a lactating rat, shown in Fig. 4 implan-tation of methylcholanthrene. In both cases it is tempting to assume that this intense enzy.me activity is related to increased capacity for oxidation, and that this in its turn is related to the synthesis of products as yet unknown. Histochemical studies have also shown that there is a special localization of 6-phosphogluconate dehydrogenase in the macula densa of the normal rat kidney (Nachlas et al., 1958) , and this has been confirmed by Hess and Pearse (1959) in the case of this enzyme and also for glucose-6-phosphate dehydrogenase. In experimental hypertension in the rat, induced by means of a Goldblatt clamp, the clamped kidney shows no activity of glucose-6-phosphate dehydrogenase except in the macula densa and in the arterial and arteriolar walls. In the unclamped kidney the amount of enzyme in the macula densa falls to low levels. The appearance of the normal macula densa in the rat is shown in Fig. 10 , where the activity of the glucose-6-phosphate dehydrogenase in the mitochondria of the five or six cells concerned is evident. If biochemical studies were carried out a low level of enzyme activity would be recorded, and it is possible that in the early stages no difference could be shown between the clamped and unclamped kidneys. Hess and Pearse have shown that, as far as the macula is concerned, the level of glucose-6-phosphate dehydrogenase rises in the clamped kidney as the development of hypertension proceeds. Changes in the rabbit macula densa in hypertension were recorded by Goormaghtigh (1939) (Scarpelli and von Haam, 1957) , which has been stained in a conventional manner. In the next illustration (Fig. 11) (Fig. 12) where the fully keratinized cells contain little or no enzyme. There is an interesting change observable in cells which are just about to keratinize (Fig. 13) , where a pronounced rise in glutamic dehydrogenase is seen. There is no parallel rise in any of the other dehydrogenases. An entirely different picture is seen in the growing edges of the tumour (Fig. 14) . Here, there is a relatively enormous rise in glucose-6-phosphate dehydrogenase activity and this is closely followed by a rise in ribonucleic acid levels within the cells.
Clearly these results are significant and we have to ask ourselves, or the biochemists, what they mean. In Table I the predominant oxidative mechanism associated with a given enzyme system is recorded. Indications of the Physical State of Mitochondria The mitochondria fresh frozen sections are altered in some respects by the freezing and thawing involved. They can no longer carry out oxidative phosphorylation, for example. If steps are taken in histochemical practice to preserve the integrity of the mitochondria as far as possible, by avoiding heating or drying and by their protection during incubation with the use of hypertonic media (7.5% polyvinyl pyrrolidone), the appearances with the latest tetrazolium methods are those shown in Figs. 2-6 . The mitochondria are still intact, as can readily be ascertained by inspection with the phase microscope. If for any reason a mitochondrion is damaged before incubation, so that the membrane is abnormally permeable, the first result is that the reaction rate increases and more formazan per unit time is deposited. The appearances of such mitochondria are recorded in the right-hand tubule of the kidney section shown in Fig. 15 . The middle tubule contains essentially normal mitochondria. If the damage is so severe that the mitochondrial membranes are ruptured the appearances in the section approach those seen in the left-hand tubule in Fig. 15 .
If an osmotic load is put upon the mitochondria, by pre-incubating the fresh frozen sections in hypotonic or otherwise harmful media, those which are abnormally sensitive are observed to respond sooner and more violently than the normal ones. We thus have a tool which is capable of showing very early changes in the physiological state of the mitochondria, and we can therefore indicate pathological changes in a variety of conditions a long time before any change can be seen by conventional methods.
In Fig. 16 is shown the TPNH-diaphorase reaction in the juxtamedullary tubules of the renal cortex of a rat maintained for 36 hours on a diet deficient in magnesium. Swollen (damaged) mitochondria, sometimes only one per cell, are visible. The renal tubules in other areas show absolutely no abnormality. The change is more easily seen at higher magnification, as in Fig. 17 (succinic dehydrogenase) and more easily still in Fig. 18 , to detect the deposition of calcium in the interstitial tissues and in some of the cells of the renal tubules by the fifth day of the experiment. Starvation is another condition which induces changes in animal tissues and these can likewise be appreciated by " mitochondrial assay" after only a few hours' deprivation of food (in the case of the rat). It is interesting to note that the fatty degeneration, described and studied by Dible and Gerrard (1938) , and by other workers (Fig. 21 ), appears to be closely connected with the swelling of damaged mitochondria. This is seen in Fig. 22 , where the swollen mitochondria which appear as fat droplets in the preparation stained with oil red are seen to contain small circular regions of formazan deposition. This is not the appearance of normal fat droplets, which are at first colourless, though they may subsequently develop autoxidation products which will reduce adsorbed tetrazolium salts if these are lipid soluble.
Conclusion
Enzyme histochemistry offers many things, first and foremost, an escape from misleading conceptions due to consideration of tissues as homogeneous. Dixon and Webb (1958) Although the true pattern of metabolic activity in cells will only become apparent in most cases when much more exploratory work has been done, one can say, with little exaggeration, that if a single mitochondrion in an organ, or at least in a section from that organ, is abnormal one can demonstrate this fact and determine to some extent the metabolic direction of this abnormality.
Such is the sensitivity of the techniques which I have described that there can be no doubt that probably more than 50 % of all the studies in expzrimental pathology, carried out by whatever methods since the time of Virchow, can be repeated to-day with advantage and with the absolute certainty that new understanding of " the organization of cellular events" will result. A further application of these techniques can be foreseen in the field of experimental pharmacology where it will be possible to demonstrate the earliest effects of drugs upon cells in sections, smears, or tissue cultures, with obvious economy of effort.
I could wish that Rudolf Virchow were here to-day to describe for himself the possibilities for the extension of his new science of cellular pathology which I have tried, inadequately, to set forth in this article.
